The problem of accurately detecting extremely low levels of nuclear radiation is rapidly increasing in importance in nuclear counter-proliferation, verification, and environmental and waste management. Because the 239 Pu gamma signature may be weak, for instance, even when compared to the natural terrestrial background, coincidence counting with the 239 Pu neutron signature may improve overall 239 Pu detection sensitivity. However, systems with sufficient multiple-particle detectors require demonstration that the increased sensitivity be sufficiently high to overcome added cost and weight. We report the results of measurements and calculations to determine sensitivity that can be gained in detecting low levels of nuclear radiation from use of a relatively new detector technology based on elpasolite crystals. We have performed investigations exploring cerium (Ce 3+ )-doped elpasolites Cs 2 LiYCl 6 :Ce 3+ 0.5% (CLYC) and Cs 2 LiLa(Br 6 ) 90% (Cl 6 ) 10% :Ce 3+ 0.5% (CLLBC:Ce). These materials can provide energy resolution (r(E) = 2.35σ(E)/E) as good as 2.9% at 662 keV (FWHM). The crystals show an excellent neutron and gamma radiation response. The goals of the investigation were to set up the neutron/gamma pulse shape discrimination electronics for elpasolite detectors; perform limited static source benchmarking, testing, and evaluation to validate system performance; and explore application of a maximum likelihood algorithm for source location. Data were measured and processed through a maximum likelihood estimation algorithm, providing a direction to the radioactive source for each individual position. The estimated directions were good representations for the actual directions to the radioactive source. This paper summarizes the maximum likelihood results for our elpasolite system.
INTRODUCTION
The problem of accurately detecting extremely low levels of plutonium is rapidly increasing in importance in nuclear counter-proliferation, verification, and environmental and waste management. If methods to confidently detect trace signatures of plutonium based on gamma ray spectra alone could prove sufficiently effective, remote-monitoring systems could be greatly simplified, and confidence levels and throughput of environmental and waste management systems could be greatly increased. As the elpasolites C energy resolu gamma (n/γ) radiolumines other elpasol which is bett sensitivity m detect therm gamma equiv pulse height other elpasol other strategi be optimized a percentage fast neutrons CLLB. Furth and gamma c may calculate approximate counting asymmetries, A x (θ) and A y (θ). These may be defined as ratios of differences in detector count rates divided by normalizing sums of detector counts rates, whereby the counts are first distributed by plus and minus x-axis tags before calculating A x (θ) and by plus and minus y-axis tags before calculating A y (θ). Figures 3  and 4 show the asymmetries A x (θ) and A y (θ), respectively, for this source. The data in the figures are plotted as a function of calculated angle generated with an algorithm tuned for an approximation of a 3-detector "orthogonal" asymmetry. We used the angle algorithms to calculate the angles a priori. This is significant, because in the field this calculated number is what the instrument user will depend on to ascertain directionality of the radiation source. One immediately notices how much difficulty there may be in interpreting the data. This may present a problem inasmuch as the neutron signatures are correlated to the alpha flux and not the neutron flux. The 6 Li(n,α) reaction leads to the creation of alphas when the material is introduced to a neutron field. As it is the α signatures that are recorded by the elpasolite detector, we explore here the modeling results in the alpha tally channel.
Despite the poorer statistics due to the reduction in count rate intrinsic to keying on a secondary reaction (at a rather substantial distance, i.e., tiny solid angle, from the radiation source), the correlation coefficient R calculated by the Microsoft Excel software is surprisingly good, well above zero. In addition, the coefficient of determination R 2 may be defined as the squared value of the correlation coefficient R. The resulting coefficient of determination provides an estimate of the proportion of overlapping variance between actual angle and calculated angle (i.e., the degree to which the two values for the angle vary together). We calculate in the alpha tally channel a correlation coefficient R corresponding to a coefficient of determination R 2 ~ 0.7 for the calculation of a 3-detector array tracking a 241 AmBe source at a 100 cm distance, and an amazing R 2 ~ 0.97 calculated for the 4-detector array. See Figures 5 and 6 for 100 cm results.
In general, extensive MCNPX modeling indicates that R 2 is larger for a 4-detector array (algorithm) than for the corresponding 3-detector array (algorithm). Further, the lower the energy of the gamma ray, the better the R 2 . Finally, despite the much-degraded statistics resulting from using the alpha channel, we clearly have demonstrated a correlation between calculated angles versus exact angle, even for the alpha channel.
We further explored an analytic determination of the angle by performing a non-linear transformation from a basis space with a 120°-skewed non-orthogonal basis vector set defined by 3-detector symmetry into a perpendicular orthogonal basis space. The preliminary numbers show limited advance in accuracy, compared to the gross approximations implicit in the 3-detector algorithms developed and demonstrated to date. Specifically, the statistics are so degraded in the alpha channel that improvement from using a more complex analytic formalism is quite limited and very difficult to observe in the simulations. One expects no better from actual field data, yet we plan to certify through a set of simulations what the opportunities are for improvement. 
Modeling methods
We expand upon and present our angular detection methods here. 3 We begin with the default method for a 4-detector array using principles of occlusion-generated asymmetries in the count rates for a closed-packed detector array. We begin by defining two sums. Consider pairing the count rates of contiguous detectors, and summing the count rate for each kind of pair. Referring to Figure 7 , which numbers the detectors counterclockwise, beginning in the -x,-y quadrant, the following sums may be performed.
(1)
Then, an asymmetry function A y (Θ) may be formed for the y-axis, which is defined by
Likewise, an asymmetry function A x (Θ) may be formed for the x-axis, which is defined by
Likewise, an asymmetry function A y (Θ) may be formed for the x-axis, which is defined by
We can also inform our angle calculations with the definition of effective asymmetry functions A y (Θ) and A x (Θ) for a 3-detector array. Refer to Figure 8 . We now define
where for the 3-detector geometry, the proportion of counts (N 1 ' to N 4 ') allocated to each of the four quadrants in the x-y plane may be derived (see Figure 8 ) from the 3-detector count rates N 1 , N 2 , and N 3 as
.O. cso,;
An asymmetry function A y (Θ) may then be formed for the y-axis, which is defined by
Likewise, an asymmetry function A x (Θ) may be formed for the x-axis, which is defined by 
EXPERIMENTAL APPROACH
Three Cs 2 LiYCl 6 :Ce (CLYC) detectors were first studied. The experimental team utilized one 25 × 25 mm detector fully packaged with the photomultiplier (PMT) R6231-100-01 by Hamamatsu, and components for the second detector, a 35 × 35 mm CLYC crystal encapsulated in the aluminum envelope with the quartz optical window and a R6231-100-01 PMT. The third detector was assembled using components available at the University of Nevada, Las Vegas (UNLV) laboratory: a 25 × 25 mm CLYC crystal encapsulated in the aluminum housing with the polished quartz window and a R6231-100-01 PMT. All crystals were produced by Radiation Monitoring Devices.
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The R6231-100-01 is a 51 mm diameter, head-on type, super bialkali (SBA) photocathode, 8-stage PMT produced by Hamamatsu. The effective area of the PMT is 46 mm in diameter. The spectral response is 300 to 650 nm, peaking at 350 nm. The PMT gain is 2.3 × 10 5 . An SBA PMT has high quantum efficiency (~35%) and spectral response that enables appropriate wavelength matching for CLYC. The PMT was coupled to the scintillator package using the sili connect the d type, SBA p effective area 10 6 . The dete A maximum radiation sou experimental a multi-detec or neutron so using the ML located. The code MCNP6 from light trapping, which may be addressed by careful optical design. 12, 13 In Figure 13 , one observes for the LaBr 3 :Ce detector a high intrinsic background count rate, despite a superior energy resolution. In Figure 14 , one sees a sharper spectrum for 239 Pu using a smaller scintillator as opposed to a larger one. Using the results of Cherepy 11 for E = 200 keV, one sees that resolution is an important factor in reduction of false alarm rate (FAR),
where S PP is the photopeak efficiency (product of the stopping power and the photofraction), and B TOT is the sum of the natural background (B NAT ) and the self-radioactivity (B SELF ) of the scintillator, 11 i.e., B SELF is the product of the acquisition time and f bkg (E). Our FAR results for several elpasolite detectors are presented at the bottom of Table 1 to compare with FAR results reported for other scintillators. 
ANALYSIS
For CLYC:Ce 3+ 0.5% , the thermal neutron peak appears at ~4.6 times higher energy than the 662 keV γ peak. It corresponds with 70,000 ph/n. 14 For CLLBC:Ce 3+ 0.5% the thermal neutron peak is situated at ~5.5 times higher energy than the 0.662 MeV γ peak. It corresponds with an even higher photon yield of 180,000 ph/n. The gamma-equivalent factor, F γ , can be defined as 14 F γ = GEE n (4.78 MeV)/(4.78 MeV),
where GEE γ (4.78) is the gamma-equivalent energy of the neutron peak when 4.78 MeV energy is deposited in the scintillator. 2 F γ for CLLBC:Ce 3+ 0.5% is higher than for CLYC:Ce 3+ 0.5% (see Table 2 ). Thermal neutrons reacting with lithium in the nuclear reaction 6 Li(n,α) 3 H can be distinguished from gamma rays by placing a threshold in the pulse height spectrum. For example, placing the threshold at 4.78 × (F γ − R n ) = 3.0 or 3.4 MeV for, respectively, CLYC:Ce 3+ 0.5% and CLLBC:Ce 3+ 0.5% , one still accepts more than 98% of the neutron events while minimizing acceptance of gamma events. We measured a figure of merit for pulse shape discrimination, FOM PSD , of 2.3 and 1.7 for CLYC and CLLBC:Ce , respectively, where
The rejection of one radiation type from another type can be theoretically considered as complete for FOM ≥1.5. I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I ---CeBrl 0pu239 --laBrl Opu239
-Leal 0pu239 I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I ---CeBrO5pu239 --.CeBrl 0pu239 Fig. 13 . 239 Pu spectra collected with CeBr 3 (brown), LaBr 3 :Ce (green), LaCl 3 :Ce (red), and NaI:Tl (blue) detectors. Each spectrum has the count multiplied by an additional factor of 10 to eliminate interference with the previous spectrum, for contrasting and viewing difference due to detector type. Fig. 14 . 239 Pu spectra collected with a ½″ × ½″ (brown) and 1″ × 1″ (green) CeBr 3 detectors. Each spectrum has the count multiplied by an additional factor of 10 to eliminate interference with the previous spectrum, for contrasting and viewing difference due to detector size. These first results demonstrate that this new scintillator, CLLBC:Ce 3+ 0.5% , is good a thermal neutron detector with an emission that matches the maximum sensitivity of bialkali photomultiplier tubes. The yield of 180,000 ph/n is significantly higher than the 51,000 ph/n for the well-known 6 LiI:Eu 2+ scintillator. 14, 16 Even the mixture of 6 LiF with ZnS:Ag + has a lower neutron light yield of 160,000 ph/n. 14 0.5% , respectively, and relatively thick layers are needed for efficient detection. For these enriched materials, respectively, 78% and 90% of the absorbed neutrons react with 6 Li. The materials have the cubic elpasolite structure. Therefore, ceramic techniques can be used to produce layers with good optical transmission.
High count rates can be obtained with CLLBC:Ce 3+ 0.5% because of the fast thermal neutron scintillation pulse with 300 ns decay time. It makes CLLBC:Ce 3+ 0.5% competitive to Ce-doped 6 Li-glass with τ = 75 ns and 6000 ph/n, 14,17 to 6 LiI:Eu 2+ with τ = 1.2 µs, 14, 18 and to LiF/ZnS:Ag + with τ = 1 µs. 14, 19 When better quality crystals are synthesized, we anticipate that the neutron peak resolution may reach 4%, which is much better than the 13%-22% for the best available commercial 6 Li glass (NE 902) and the 10% for 6 LiI:Eu + . 14,17 CLYC:Ce 3+ 0.5% has a slightly poorer ph/n yield and F γ than CLLBC:Ce 3+ 0.5% , and its response is also slower. However, PSD between neutrons and gamma rays is possible using the CVL under gamma ray excitation with the CLYC:Ce 3+ 0.5% .
14 It has been suggested that the chlorine and lithium reactions may be exploited to distinguish fast from thermal neutrons in the elpasolite detector with both materials. 20 A measure of the success for our investigation is the n/γ discrimination record. Ultimately, in this study, a detector that can distinguish neutrons as well as gammas is sought. Techniques have been well established for doing this with elpasolites. 21, 22 The reported value for neutron false positives per gammas of 1 per 1000 for the CLYC 23 is not astonishing, yet it is an excellent start. The other metrics reported in Table 2 for the n/γ discrimination are not standard, yet they are relevant metrics for providing a sense of the light yield, gain, and relative placement of the thermal neutron peak in the γ spectrum. Of interest as the technology develops is that the values in Table 2 for some of the metrics seem to evolve or improve over the course of time. We have a newly measured figure of merit (FOM) for n/γ discrimination for the CLYC detectors using PSD alone. We measured 2 
The chlorine in the elpasolite mixture is more sensitive to energetic fast neutrons, which one may view as behaving more like gamma rays than do slow neutrons. It is this new and unique idea of adding a substance tuned to fast neutrons that makes more likely the ability to perform neutron directional detection, something many believe is nearly impossible to do because of the billiard-ball behavior of slow neutrons. Chlorine is over two times more effective in sensing (capturing) fast neutrons than are 3 He, 6 Li, or other chemicals often used by RSL and others because of their extremely effective and high ability to absorb slow neutrons. 2 Chlorine has a higher fast neutron cross section than either of 6 Li or 10 B.
2 Following the capture of thermal neutrons by chlorine nuclei, the "fingerprint" prompt gamma rays are emitted. Some energies of photons that have relative intensities more than 5% are 516, 788, 1165, 1951, 1959, 2864, 5715, 6111 6619, 7414, and 7790 keV. 24 These prompt gamma rays for chlorine possess high energy, and they are created inside of the CLYC scintillator's volume when exposed to the thermal neutron flux. Because the gamma ray source and the detector are the same material in this case, these prompt photons are always detected and thus appear in the measured gamma spectrum. Because the CLYC has decent energy resolution, the spectral analysis of the fingerprint gamma rays of chlorine may allow evaluating the thermal neutron flux.
THREE-DETECTOR PROTOTYPE DEVELOPMENT
A four-channel digitizer qMorpho was set up and successfully tested with three CLYC detectors. Currently, all three detectors are equipped with the active HV bases. The digitizer enables the simultaneous list mode data recording for all detectors keeping the energy, time stamp, and the PSD information for each captured waveform. The online processing of the list-mode data enabled creating the energy spectrum histograms for selected radiations based on the PSD values. The time stamp for each signal enabled the time coincidence analysis. Furthermore, three detectors can be started and stopped at the same time by using the single command. In the next phase of the project, up to four elpasolite detectors can be served by this system. The aluminum housings for CLYC detectors were designed (see Figure 15) . The 2-inch PMT is placed into the separate housing and the crystal is coupled to the PMT using the threaded enclosure. The frame for the prototype was designed. It houses three CLYC detectors on the top of the frame that are connected to the four-channel digital analysis system that is mounted on the bottom. The frame of this prototype can rotate about its central vertical axis (the axis is shown by the metal rod; the angular scale is also shown on the photo). Thus, the detectors and electronics were made ready for the measurement experiments in the laboratory conditions for the next phase of this project. Note: R n is the energy resolution of the thermal neutron peak located at the gamma equivalent energy GEE n . It is the FWHM divided by the centroid value for this neutron Gaussian peak. 
MAXIMUM LIKELIHOOD SOURCE LOCALIZATION
Systems of non-directional and directional detectors for the purposes of estimating the activity and location of a radioactive source have already been developed. 5, 25, 26 This detector system combines data from both non-directional detectors and directional detectors employing maximum likelihood estimation (MLE) algorithms that provide to the user of the system information pertinent to locating and identifying a radioactive source. 5 Two different detection materials and algorithms are used for the non-directional detectors and the directional detectors. The non-directional detectors consist of scintillators. The data gathered from these non-directional scintillation detectors is interpreted via an MLE algorithm with which the radioactive source parameters are estimated. For instance, the directional detector may consist of a Compton detector. The data gathered from the directional detectors is interpreted via a maximum likelihood expectation algorithm and is used to locate the source in a Cartesian coordinate system. The fusion of information from both non-directional and directional detectors and both maximum likelihood algorithms provides a reasonable estimate of the activity and location of a radioactive source. Such detector systems do possess several significant limits. The first limitation is that the radiation background levels in a given location must already be known prior to use of this system. The second limitation is that the system can only detect one radioactive source at a time. Still yet, it is possible to create a successful fusion of maximum likelihood algorithms to integrate the information gathered concerning the radioactive source from both the non-directional and the directional detectors. Despite the limitations, one may successfully implement the aforementioned algorithms and furthermore, integrate the information provided by both the non-directional detectors and the directional detectors to estimate the location and activity of a radioactive source. 5, 25, 26 The statistical analysis referred to as maximum likelihood estimation, MLE, provides a means to estimate unknown parameters provided a set of data. In the experimental directional detection study, the direction of the radioactive source being measured is known. However, if this directional detection system would be employed in the field to find a lost, stolen or smuggled radioactive source, the exact position of the source will most likely not be known. Applying the MLE algorithm discussed below to 2π radian measurements collected by the directional detection system will produce an estimation of the direction for which the radioactive source is located. This algorithm was applied to all of the results from the experimental study of the directional detection system. 5 The MLE approach to locate the position of a radiation source using the signal intensity observed in three or more detectors was evaluated. Assuming that sensors have a nearly isotropic acceptance to source signal within the "scanning" space and that the signal strength falls off with the 1/R 2 dependence. R is the distance from the source to the sensor. For each point in the scanning space, the probability that there is a point-like source with an unknown intensity should be calculated under condition that i-th detector observed N i counts. Then the point with the maximum probability is the position of the center-of-the-mass of the radiation source. Using the information about the position of the source and observed counts, its intensity can be also evaluated. Statistical theory allows us to construct the probability density function, which depends on the possible intensity and coordinates of the source (x s , y s ),
where Assuming that the counts in each detector of the directional detection system collected over a range of angles from 0 to 2π radians are normally distributed, the probability density function (PDF) of the normal distribution is
Given the above PDF, the likelihood function and log-likelihood function, respectively, are
where
and where σ is the uncertainty in the measurements, N i is the counts detected in a single detector at the i-th angle (0 to 2π radians), I 0 is the estimated source intensity, R i is the estimated distance between the radioactive source and the center of the corresponding detector and x i and y i are the estimated coordinates indicative of the direction or angle for which the radioactive source may be located. The angle corresponding to the maximum of the log-likelihood function is the MLE for the direction or angle of the radioactive source. The experim μCi 137 Cs an 3.6% for the detectors are of energy and with the numbe ated in Figure  30) and latitude planes over angles from 0 to 2π radians. The collected results were then processed through the MLE algorithm providing an estimation of the direction for which the radioactive source in each case was positioned. The estimated directions provided were close to the actual direction of the radioactive source. The largest discrepancy in direction produced by the algorithm was 18%. 5 Typical results for the thermal neutron source are shown in Figure 20 for measurements in the detector plane. Data were acquired until each CLYC detector had a statistical uncertainty <0.02% in gross integrated counts across the energy spectrum. For instance, with the source located at 0 π radians we calculated an angle of 0º from data acquired in the detector plane and 13º for data acquired with the source raised 20 cm above the detector plane using the MLE algorithm. This represents an 11% error. 5 
SUMMARY
Qualities of a good detector for detection of 239 Pu include high resolution (i.e., better than the resolution of NaI:Tl), and low intrinsic self-activity (i.e., lower than that of LaBr 3 :Ce). While several candidates have excellent resolution and lower intrinsic self-activities, elpasolite detectors offer neutron detection at the same time. The directionality algorithms using arrays of elpasolite detectors will require the best-resolution elpasolite detectors. The ability for performing neutron and gamma detections and also neutron and gamma directionality algorithms all at one time improves the confidence level of the detection.
The hardware, the digital electronics and the data analysis software for the experiments using elpasolite detectors was set up and tested. Static source benchmarking and testing to validate detector performance was carried out. The CLYC detectors were tested using gamma ray sources and a plutonium-beryllium neutron source. The energy resolution achieved with a CLYC detector with the gamma ray sources is the following: ~5.7% FWHM at 662 keV, 3.6% FWHM at 1173 keV, and 3.3% FWHM at 1332 keV. These experiments showed that three detectors can be employed with the digital data acquisition electronics, and therefore, a multi-detector prototype can be set up. The larger 1.5″ ×1.5″ CLYC crystal (comparing to the UNLV's 1″ × 1″ CLYC) showed better detection efficiency. In multi-detector experiments using available elpasolite crystals of different sizes, the detector efficiency difference should be used in the analysis of the detector signals to determine the position of a radiation source. Feasibility of a solid state silicon photomultiplier with the wave length shifting technology was explored using hardware that was available at UNLV.
The neutron/gamma pulse shape discrimination electronics was set up and tested. The figure of merit of the designed PSD for CLYC detector with the digital data acquisition system was determined to be about 2.3. It allows the effective segregation of neutron and gamma ray signals in the online mode.
The feasibility of application of MLE algorithm for source location was explored. The 3-detector prototype system was designed for the laboratory demonstration. An MLE algorithm was developed to analyze the experimental and computational directional detection results providing an estimate for the unknown direction of a radioactive source. Measurements were collected in the longitude and latitude planes over angles from 0 to 2π radians. The collected results were then processed through the MLE algorithm providing an estimation of the direction for which the radioactive source in each case was positioned. The estimated directions provided were close if not an exact match for the actual direction of the radioactive source. The largest discrepancy in direction produced by the algorithm was about 18%. 5 
